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Structural, Chemical, and Electronic Properties of Cu/Ta(11(
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and the C O stretehing ficquencies,

I. Introduction

The study of thestructural, chemical, and clectronic propertics
of ultrathin metal films supported on single-crystal metal
substratesisanactivearca of research.!-? Since Cuisa component
inseveralimportant bimetallic catalysts, Cu overlayers have been
studird on a varicty of substrates.*2? A major goal in these
studies of model bimetallic systems has been the determination
of how the changes in physical and electronic structure change
the chemical properties of the overlayer, i.e., the catalyst. Once
determined, the trends observed could lead to the design of
catalysts with specific propertics.

Temperaturc-programmed desorption (TPD) results for Cu
on Re(0001),'* Ru(0001),* Mo(110),'* and Rh(100)'® show two
discrete features corresponding to Cu desorption from monolayer
and meltilayer states. For Cu on Pt(111), on the other hand,
only one Cu desorption fcature is obscrved and is attributed to
the formation of a Cu-Pt alloy.?” Studics of CO chemisorption
have shown that the CO desorption temperatures from monolayer
Cu on Re(0001), Ru(0001), Rh(100), and P1(111) are 205,'
210, 240,41 and 250 K, respectively. These temnperatures are
higher than is observed for CO desorption from Cu(l11l} or
Cu(100) (187 K).» In addition to TPD, Auger clectron
spectroscopy (AES), X-ray photoclectron spectroscopy (XPS),
infrared reflection-absorption spectroscopy (IRAS), and low-
energy clectrondiffraction (LEED) have been used tocharaclerize
the ultrathin Cu layers on these substrates.* ¥ These studics
have shown that at 100 K Cu typically forms a stable bilayer,
with additional layers being thetastable, coalescing into 3-Dislands
upon anncaling to ~600-900 K.¢ ¥

The results of our recent study of ultrathin Cu filins on the
Ta(110) substrate will be presented and discussed in this paper.
The structural, chemical, and electronic propertics of the Cu/
Ta(110) system will be compared to previously studied Cu
overlayer systems, and the results will be analyzed for observable
trends in the Cu-substrate bond strengths, clectronic perturba-
tions, and CO desorption temperatures.
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The propcrhcs of ultrathin Cu filims on a Ta(110) substrate have been studicd using X-ray photoelectron

spectroscopy (XPS), low-cnergy clectron diffraction (LEED), temperature-programmed desorption . TPD

and infrared reflection adsorption spectroscopy (IRAS). For coverages of <1.2 monolayer the Cu overlaycrs
grow pscudomorphic with respect to the Ta substrate. XPS results indicate that the Cu(2py;2) binding energy
of the supported Cu atoms is perturbed by +0.3 ¢V compared to that of the surface atoms in Cu(100). These
clectronic and physical perturbations induce distinct diﬂ'crcnccs in the chemisorptive properties of the Cu films.
This is evidenced by CO TPD results which indicatea §
as a CO stretching frequency that is 20 cm! higher than obscrvcd for the Cu(111) surface. A comparison of
thesc results with those previously obtained for Cu overlayers on different substrates shows a correlation among
the electronic perturbations of the adlayers, the metal- substrate bond strengths, the CO desorption temperatures,
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X increasc in the CO desorption temperature as well

1l. Experimental Section

The experiments were performed in Iwo separate ultrahigh-
vacuum (UHYV) chambers. The (irst system (base pressure S§
X 10 '® Torr) was cquipped for AES, XPS, LEED, and TPD
measurements and has been described in detail elsewhere.? The
sccond system (basc pressure <2 X 10-'® Torr) was equipped for
IRAS, AES, LEED, and TPD and has been described in detail
clsewhere.?”? The IRAS spectra were acquired for 256 scans in
thesinglereflection mode ata resolution of 4 cm-' and anincidence
angle of 85° off the surface normal.

The Ta(110) crystal was attached te the manipulator by two
Ta support leads, and the sample temperature was monitored by
aW/5%Re-W/26% Re thermocouple spot-welded to the sample
cdge. The manipulator allowed resistive heating to 1600 K and
liquid nitrogen cooling to 100 K. An clcctron beam assembly
allowed heating 10 2400 K. Thesurface was cleaned by successive
anncaling cycles 10 2400 K. Thecleanlinessand long-range order
were verified with AES, XPS, and LEED.

Cu was deposited onto the crystal surface via cvaporation from
a resistively heated W wire wrapped with high-purity Cu wire,
To cnsure film cleanliness, the surfaces were flashed to 500 K
after metal deposition (unless stated otherwise) to remove possible
contaminants, aftes which no contaminants were detectable by
XPSor AES. Alladsorbatecoveragesarereferenced with respect
to the number of Ta surface atoms (1.30 X 10" atoms/cm?) with
one Cu atom per Ta alom corresponding to fc, = 1.00 monolayer
(ML). Lincar heating rates of 5 and 10 K/s were used in the
CO and Cu desorption measurements, respectively.

The Cu(2p) and Ta(4f) XPS spectra were acquired using an
Al K X-ray source and a hemispherical encrgy analyzer. The
Cu(2p;;2) binding cnergics were referenced to the Ta(4f) peak
with an experimental error of 0.03 ¢V, Detection was normal to
the surface in XPS and AES.

111, Results

The thermal desor ption spectra of Cu overlayers from Ta(110)
areshownin Figure |. For submonolayer Cu coverages, only one
desorption {cature is present, with the desorption temperature of
these films shifting toward higher temperature as the Cu coverage
is increased. For 1 ML of Cu, the desorplion temperature is
found to be 1265 K. For Cu coverages greater than 1 ML, two
features are present, with the new desorption peak occurring at
a lower temperature than for the monolayer peak. The [act that
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Figure 1. Thermal desorption spectra for Cu films on Ta(110). The Cu
films were vapor-depasited at ~350 K and anncaled to 500 K prior to
TPD acquisition.

there are twao peaks present in the Cu TPD indicates that Cu is
forming multiple layers on the Ta(110) surface; that is, Cu and
Ta do not form an alloy. This is supported by the solid-state
Cu-Ta phase diagram which indicates that, at the concentrations
and temperatures used in this study, Cu and Ta are immiscible.
The low-temperature multilayer pecak shifts toward higher
temperature as the Cu coverage is further increased, and the
traces for his peak exhibit a common lcading edge typical of the
zero-order desorplion kinctics observed for copper overlay-
ers 31132020 | eading edge analysis of the Cu/Ta(110) desorprion
data yicelds a desorplion activation encrgy of ~73 kcal/mol for
the multilayer desorption state. This value of 73 keal/mol for
multilayer Cu compares well with the bulk sublimation energy
of Cu (~76 keal/mol ). The Cu desorption featurcs arising
from monolaycr and submonolayer Cu films, however, have
neither the common leading edges and sharp high-temperature
-tails characteristic of zcro-order desorption nor the conmunon peak
desorption temperature characteristic of first-order desorption.
Therefore, the desorption kinetics are likely fractional order. A
Redhead analysis of the monolayer desorption peak (which is at
a constant temperature for 1- 6 ML Cu films) yiclds a desorption
aclivation encrgy of ~79 kcal/mol.

Ordering of the Cu overlayers is evident from LEED obser-
vations. Figure 2 shows typical LEED patterns obscrved for
different overlayer coverages at ~100 K. For submonolayer
films anncaled to 900 K, the pattern observed (Figure 2b) is a
diffuse (1 X 1) patternindicating that the Cu adatoms are forming
small pseudomorphic islands. For Cu coverages greater than
~1.5 ML that were annealed to 900 K, a (9 X 2) pattern is
observed (Figure 2¢). A schematic illustration of the (9 X 2)
LEED pattern is shown in Figure 2d. The multiple diffraction
spots along the (1§0) crystal axis indicate a lattice mismatch
along this axis with the Cu overlayer compressing along this axis
to assume lattice dimensions that arc closer to those of Cu(111).
LEED observations for unanncaled Cn monolayers show anly
dilfuse (1 X 1) patierns with relatively high background intensity.

Figure 3 shows XPS spectra of the Cu(2p),,) peak for different
Cu overlayer thicknesses. To ensure surface cleanliness, after
the Cu was deposited onto the Ta(110) substrate at ~350K, the
sample was annealed to 500 K to resnove any adsorbed CO prior
to spectral acquisition. Adlayers with a thickness of less than or
equal to | ML show a constant peak position of 933.03 ¢V which
shifts 10 932,90 ¢V as the Cu coverage is increascd. This peak
shift is shown more clearly in Figure 4a where the value for the
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peak centroid is plotied with respect to the Cu coverage as
determined via TPD measurements. For coverages greater than
I ML, the XPS spectra represent a combination of electrons
being emitted from surface and subsurface Cu atoms. Previous
experiments on Cu(100) have shown that thereis a 0.22-¢V shift
10 lower binding energy for the surface Cu atoms compared to
bulk copper.?® Figure 4b compares the 0.17-eV shifl to lower
binding energy of the surface Jayer of Cu atoms on a pure Cu
sampletothe(.13-¢V shift 1o higher binding energy of a monolayer
of Cu on Ta(110). This indicates that the Cu monolayer on
Cu/Ta(110) is shifted 0.30 eV toward higher binding energy
compared to the surface layer of Cu in Cu(100).

CO TPD spectra from Cu/Ta(110) surfaces are shown in
Figure 5. For CO adsorbed on a clean Ta(110) surface there
were no CO desorption features for temperatures between 100
and 1500K. For Figure Sa, the Cu was deposited onto the surface
at 100 K prior to a saturation (20 langmuirs) CO exposure at 90
K. Forsubmonolayer Cucoverages, asthe Cu coverageincreases,
there is a corresponding decrease in CQO desorption temperature.
Thislikely reflects the dzposition of the Cu overlayers as a random
mixture of small 2-D and 3-D islands. Extrapolating the CO
desorption temperatures to zero Cu coverage yiclds a temperature
of ~275 K. This would be the expected desorption temperature
of CO from individual Cu atoms on a Ta(110) surface. For Cu
coverages of 20.9 ML, CO desorption occurs at 180 K, which
is very similar to that observed for Cu(111).2% This implies a
predominance of 3-D Cu clusters on the surface. A possible
explanation for this unusual 3-D cluster predominance at
monolayer coverages is that the dissociated adsorption of CO on
barc Ta domains leads 10 a buildup of atomic C and O which
induces clustering of the Cu adatoms. Figure 5b shows the CO
desorption spectra from Cu averlayers which were annealed to
900 K prior to receiving a saturation CO exposure at 90 K. At
low Cu coverages, two peaks are present at ~230 and ~210 K
(a1 and ay, respectively). For coverages greater than 1 ML, the
a) peak persists with a new peak at ~ 180 K (&) growing in and
eventually becoming dominant. The a; and ay states likely
correspond to CO desorption from the pseudomorphic overlayer
and 3-D clusters, respectively. The origin of the ay peak is
uncertain but could correspond to CO desorption from the Cu/
Ta interface between the substrate and 2-D or 3-D Cu islands.
The fact that annealed submonolayer Cu filns do not exhibit a
predominance of 3-D Cu clusters implies that the CO that is
dissociatively adsorbed on the bare Ta domains cannol induce
clustering of the Cu to a significant degree.

Figure 6 illustrates the clfects of CO adsorption on the Cu-
(2pyy2) binding energy region for monolayer and submonolayer
coverages of Cu. The Cu was deposited at ~110 K and flashed
to 500 K prior to a saturation CO exposure (20 langmuirs) at
~ 110 K. The formation of a CO-Cu bond shifts the Cu(2py;2)
peak 0.30 ¢V toward higher binding energy at a Cu coverage of
1 ML. For low Cu coverages, the induced shift was even larger
(~0.40 ¢V). These binding energy shifts were reversible. The
binding energy observed after Mashing to 500 K to desorb the CO
was identical with the binding energy observed before CO
adsorplion.

IR spectra for CO adsorbed on different Cu coverages on the
Ta(110) substrate are shown in Figure 7. In Figure 7a, Cu
deposition, CO dosing, and spectral acquisition were all conducted
at 90 K. In Figure 7b, the Cu was deposited at 90 K, annealed
10 900 K, and then cooled to 90 K for the saturation CO exposure
and spectral collection. CO adsorbed on Ta(110) gives a broad,
weak feature at ~2100 cm-! indicating that although CO does
notdesorbfrom T2(110) attemperatures <1500 K, COadsorption
at 90 K is nol entirely dissociative. The large width of the CO/
Ta(110) IR peak suggests considerable inhomogeneity in the
adsorbed CO. This could be due to the atomic C and O that are
also present on the surface due to CO dissociation. In Figure 7a,
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Figure 3. Cu(2pyy2) XI'S spectra of Cu/Ta(110) as a function of C'u
coverage, The Cu filins were vapoi-deposited at ~ 350 K and flached
to 500 K prior to spectral acquisition,

il it noteworthy that, at a2 Cu coverage of 0.1 NI, the CO T
peak is no jonger visible, This featuee is apparently preatly
aticnuated by the CO Cu overlayer as has been seen for other
Cu overlayer systems.'™ % In Figure 7h, the prosimily of the
CO Taand CO Cupeaks makesitdifficult todetermine precisely
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at what Cu coverage the CO-Ta peak is completely altenuated.
The spectra for unanncaled Cu overdayers in Figure 7a show a
cantinuons red-shilting of the €O peak from ~2123 to ~ 2106
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Figure 5. CO TPD from Cu/Ta(110) as a function of Cu coverage. The
Cu was deposited at 100 K and cither left unanncaled (a) or anncaled
to 900 K (b) prior to a saturation CO (20 langmuirs) exposure at 100
K.
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Figure 6. Effcct of CO adsorption on the Cu(2py2) spectra of Cu/
Ta(110). The Cu was deposited at ~110 K and flashed to 500 K prior
10 a saturation (20 langmuirs) CO exposure at ~110 K.

cm-! as the Cu coverage is increased from 0.1 to 2.0 ML,
approaching the value observed for CO adsorbed on Cu(111)
(~2070cm-").® The 30-cm-' difference is significant; however,
the observed frequencics of ~2100-2110 cm! are similar to
those scen for CO adsorption onto stepped Cu surfaces and
supported Cu films.?' In the anncaled films shown in Figure 7b,
on the other hand, the value of the CO peak is constant at 2095
cm-! for Cu coverages between 0.3 and 0.9 ML. The constant
frequency of this peak as the Cu coverage is increased suggests
CO adsorption onto 2-D islands that are increasing in size via
growth at the island edges. The CO IR peak shifts to 2102 cm !
for COon 1.5 ML of anncaled Cu, reflecting the phase transition
scen by LEED at this coverage. In addition, the annealed CO/
Cu/Ta(110) peaksare, in gencral, narrower than the unanncaled
CO/Cu/Ta(110) peaks. Thisisattributed totheinhomogencous
broadening of the unannealed spectra duc to the nonuniformity
of these films.

Figure 8 shows the CO exposure dependence of the CO IR
features for annealed Cu overlayers. In both parts a and b of
Figure 8, the IR spectra show a shift to higher frequency which
is typical of CO adsorption as the CO coverage is increased. It
is, however, contrary to the slight shift 1o lower frequency that
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Figure 8. IR spectra of CO on Cu/Ta(110) as a function of CO
exposure: (a) 0.9 ML of Cu annealed to 900 K prior to CO exposure at
90 K- (b) 1.5 MI. of Cu gnnealed to 900 K prior to CO cxposure at 90
K.

is observed for CO on Cu(111).%° A coverage-dependent shift
toward higher frequency with an increase in CO coverage has
been observed previously for supported Cu monolayers®!? and
different Cu crystal faces.’® The coverage-induced frequency
shift is usually attribut~d to a decrease in back-donation as CO
coverageincreases or to anincrease in dipole—dipole coupling.32!
An additional [eaturc at a lower frequency is present in Figure
8b for low CO exposures. This low-frequency feature blue-shifis
at a higher rate than the high-frequency peak and at saturation
CO cexposure is only visible as a slight shoulder on the main
high-frequency peak (2102 cm-'). Due to the proximity of the
two peaks, there is likely a strong transfer of intensity from the
low-frequency peak to the high-frequency peak.}*33 Asthe CO
coverage increases, this effect will increase due to the increased
proximity of the CO molecules and the decrease in the separation
between the peak frequencies. Thus, it is very likely, even at
saturation CO coverage, that the low-frequency peak is the
majority surlace species.

IR spectra of CO on Cu/Ta(110) as a function of sample
temperature are shown in Figures 9 and 10. For submonolayer
Cu on Ta(110), Figure 9 shows a slight bluc shift in the CO
streiching frequency as the CO coverage decreases. Inaddition,
the spectra in Figure 9, a and b, at ~0.1 and ~0.33 ML,
respectively, show a decrease in the CO desorption temperatures
as the Cu coverage is increased. In addition, Figure 10a (¢, e
1.8 ML) shows a desorption temperature of approximately 190
K. Thisdecreaseindesorption temperature asthe copper coverage
increases is in agreement with the TPD data shown in Figure Sa.
Figure 10a,bagain shows theeffect of anncaling the Cu overlayer
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Figure9. IR spectra of CO/Cu/Ta(110): 0.1 ML of Cu(a)or0.33 ML
o{ Cu (b) was deposited a1 100 K with a subsequent saturation CO exposure
at 90 K. The spectra were collected at the indicated temperatures.
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Figure 10. IR spectra of CO/Cu/Ta(110). Approximately 1.8 ML of
Cu was deposited at 100 K and cither lelt unannealed () or annealed
to 900 K (b) prior to CO exposure at 90 K. The spectra were collected
at the indicated temperatures.

prior toCOadsorption. [n Figure 10b, thelow-(requency shoulder
that was present in Figure 8b for low CO cxposures is present
at clevated temperatures where the CO coverage is reduced. The
CO peak in Figure 10a shifts slightly to lower frequency as the
CO coverage decreases. This is in agreement with the exposure
dependence obscrvations shown in Figure 8a but is contrary to
the shift seen in Figure 9 for submonolayer Cu films.

1V. Discussion

The results presented in the previous section indicate that, on
a Ta(110) surface at 100 K, the Cu overlayer grows vin the
expansion and coalescence of small 2-D islands. In addition,
before the first monolayer is completed, some of these 2-D islands
nucleate into 3-D clusters, IR spectra of CO adsorbed on these
clusters indicate that they are likely small due to the dominance
of high-index adsorption sites. For annealed {ilms, the first Cu
layer grows pscudomorphically via the coalescence of small 2-D
islands into a uniform monolayer with any additional Cu forming
3-D clusters. However, ata Cu coverage of 21.3 ML, annealing
leads to the formation of a uniform overlayer that is more densely
packed than the Ta(110) substrate. From the (9 X 2) LEED
pattern observed, the overlayer is assigned a coverageof 1.22 ML
for a uniform layer. Therefore, for coverages greater than 1,22
ML, the surface structure corresponds to 8 1.22 ML (9 X 2)
uniforin layer with any additional Cu forming 3-D clusters on top
of this uniform layer. A coverage of 1.22 ML corresponds 1o

Kuhn et al.

1.59 X 10" atoms/cm?, which reflects the compression of the
overlayertoa coverage thatis closer to the surface atomic density
of Cu(111) {(1.77 X 10" atoms/cm?). This coverage likely
represents an equilibrium between two opposing forces on the Cu
overlayer. One is the strain induced in the Cu overlayer by
expanding the Cu(111) lattice to pseudomorphically fit the (110)
surfaceof Ta. Theotheristhe Cu-Ta bonding interaction, which
isatronger than the Cu-Cu interaction for 8¢, < 1.2 ML, driving
the Cu overlayer toward a pscudomorphic morphology. Thus,
the 1.22 ML Cu overlayer density value represents a balance
between the pseudomorphic 1.00 ML overlayer and a Cu(l11)
(1.36 ML equivalent) structure.

The (9 X 2) LEED pattern observed for Cu/Ta(110) isshown
in Figure 2¢c and represents multiple diffraction of the electrons
(rom the Cu overlayer. This phenomenon is not limited to Cu/
Ta(110) but has been observed for several systems,’? with the
substrates typically being the (110) faces of bee refractory metals.
For the case of Cu/Ta(i10), multiple diffraction was observed
along the {110) crystal axis; however, for other systems, the
splitting has been observed along the (001 ) and (110) directions.
In addition, for Cu/Mo(110) and Cu/W(110), splitting has becn
observed along both crysial axes with the vrientation depending
upon coverage and temperature.’®?? For Cu/Nb(110), on the
other hand, a LEED pattern indicative of Cu(100) was observed
ntsubmonolayercoverages witha Cu(l11) typestructure growing
in at higher coverages.*? Thus, it appears that the overlayer
structure and axis along which the overlayer compression occurs
depends not only upon coverage and annecaling but also upon the
specific substrate and its temperature.

The XPS results indicate that the atoms in a monolayer of Cu
on Ta(110) have a higher Cu(2p,/2) binding energy than the
surface atoms in Cu(100). This agrees with the results for Cu/
Mo(110)* and Cu/Re(0001),>1¢ which also show shifts toward
higher binding energy. These results indicate that electronic
chargeis transferred from the overlayer Cu atoms to the Ta, Mo,
and Re substrate atoms upon bond formation. The removal of
chargefroma Cuatom toforma bond with thesubstrateincreases
the energy necessary to remove a core electron in the XPS
measurcment leading to the observed shift toward higher binding
cnergy. Shifts in core level binding encrgies, however, must be
regarded cautiously since changes in the screening of the core
hole (fina! state effects) could give rise to the observed shilts.
Several factorsindicate that chargetransferis the primary source
of the core level binding energy shifts. For example, the mag-
nitude and direction of the charge transfer between overlayer
and substrate atoms, observed with work function measure-
ments, 11404445 support the UPS246-48 and XPS10.13.16.43 reqy]ty,
This correlation among work function, UPS, and XPS measure-
ments implies that charge trarsfer is indeed the operative
mechanism lcading to the observed XPS binding energy shifts.

These charge-transfer effects have been discussed in detail
previously in terms of a model where the different metals are
designated as being electron rich or electron poor.!34:4% Melals
on the left-hand side of the transition series, which are deficient
ind electrons (e.g., Ta, W, etc.), are designated as clectron poor
whercas metals on the right-hand side, which have &8 more than
half-filled d band (c.g., Pd, Pt, etc.), are designated as being
electronrich. Upan bond formation charge trans{er occurs from
the electron-rich metal to the electron-poor metal. For Cu, the
interactions can be explained by using the 3d'%4s' clectronic
configuration todesignate Cu ashaving a half-filled valence band.
Whena Cumonolayer is deposited onto an electron-rich substrate,
e.g., Ru(0001), Rh(100), or Pt(111), for example, the Cu(2p)/a)
binding encrgy will shift toward lower energy,'®!” as can be seen
in Figure 11a. Likewise, when Cu is deposited onto s substrate
that has a less than half-occupied valence band (electron poor
relative to Cu), charge transfer will occur from Cu tothe substrate,
These trends are clearly rellected in Figure 11a for Cu films
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and have been observed likewise for Ni, ™47 Pd,'343:4% and Ag*®
films on varjous transition-metal substrates.

Figure |1 1bshows the desorption temiperatures for a monolayer
of Cu from several substrates. The higher desorption temperature
observed for Cuon Pt(111) likely reflects the alloying that occurs
between Cu and Pt. Since the desorption temperature of the Cu
overlayer is a good qualitative mcasurc of the bond strength
between the Cu and the subsirate, this figure indicates that Cu
overlayers are bound less tightly to Re than to metals on cither
end of the transition series. These bond strength dilferences
correlate well with the charge-transfer trends shown in Figure
11a. The greater the magnitude of charge transfer, the greater
the bond strength between the overlayer and the substrate. Itis
important to notice that for certain cases the bond is formed by
charge transfer from the Cu overlayer to the substrate and in
others by the Cu accepting charge from the substrate. Thus, the
data obtained in thisstudy arcin excellentagreement with previous
data showing that charge transfer between the overlayer und the
substrate plays an important role in determining the overlayer -
substrate cohiesive bond strength. This correlution between the
overlayer binding energy shift and the overlayer-substrate band
strength is a general phenomenon and has been observed for Pd
and Ni overlayers as discusscd elsewhere.!>** For a detailed
discussion of the relationship between charge transfer and the
overlayer-substrate bond, the reader is referred to refs 15, 43,
and 49.

Changes in the clectronic propertics of the overlayer should be
reflected in the chemical properties of the surface. Figure 12 s
a comparison of the desorption temperatures of CO adsorbed on
uniform, anncaled, monalayer Cu filmsand the shiftin the Cu(2py,
1) binding energy induced by the adsorption of CO. The Cu
monolayers which have withdrawn charge from the substratc
(shifted toward lower binding cnergy) show a larger CO-induced
shift compared with the Cu monolayers that donated charge to
the substrate (shifted toward higher binding energy). The CO-
induced shift is always toward higher binding energy, indicating
that, when bonded to CO, charge flows from the Cu overlayer.
Ancarlier study of supported Cu overlayers indicated that a good
correlation existed between the CO desorption temperature and
the CO-induced shift.** However, it is noteworthy that the data
presented here for Cu/Ta(110) when combined with data for
Cu/Mo(110)*3 indicate that the CO desorption temperatures
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Flgure 12, Correlation between the CO desorption temperature and the
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shown in Figurc 12, which are proportional to Lhe strength of the
Cu-CO bond, do not necessarily correlate with the CO-induced
shift (see Figure 12).

The nature of the CO-substrate chemisorptive bond has been
the subject of numerous studics, both experimental and theo-
retical.*? 3 The conventional description of CO chemisorption
is based on the Blyholder model®? where CO-metal bonding is
thought to occur via donation of charge from the CO $o orbital
to an unoccupied metal orbital and by back-donation from the
metal d orbitals into the unoccupied 2x orbital of CO. It is
generally assumed that as the CO-substrate bond strength
increases, the amount of back-donation must also increase. This
increase in back-donation into the 2x orbital destabilizes the
intermolecular C-O bond and is believed to be a cause of the
dissociative adsorption of CO that occurs in very strongly bound
CO-metal systems. The increase in CO-Cu binding energy for
Cu monolayers on electron-rich substrates has been discussed in
dctail previously*)*% and has been attributed to an increase in the
ability of the Cu atoms to back-donate charge into the CO 2x
orbital, feading toa stronger CO-Cu bond. Theincreasecin CO-
Cu binding energy for Cu monolayers on electron-poor substrates,
ontheother hand, is not consistent with a model where anincrease
in 2x back-donation leads to an increase in CO-metal bond
strength.

Recent theoretical caleulations for CO adsorbed on different
sized Cu clusters indicate that there are two main contributions
to meta)-CO boading: intraspecies charge polarization and
interspecies churge transfer.*3? Theinterspecics charge transfer
has two main components: CO-¢ to metal charge donation and
metal to CO-x charge back-donation. Of these, the metal to
CO-x Luick-donation has been shown to be more important in
CO-meiai bond formation.>*->? Most previous discussions of CO-
metal bonding,’?-** however, have neglected the importance of
the polarization of the metal and CO charge densities to produce
anattractive dipole—dipolcinteraction. The polarization of metal
charge away from the CO is a result of the necessity of reducing
the repulsive charge superposition interaction between the CO-
5¢ and metal-s charge distributions during bond formation
between Cu and CO. Thus, it is possible that the increase in the
CO-Cu bond strength for Cu monolayers on electron-poor
substrates could be a direct consequence of the charge transfer
from the Cu to the substrate. This would increase the net charge
polarization of Cu electron density away from the CO, leading
to a stronger dipole-dipole inductive bond between the CO and
Cu. Therefore, it appears that the two main factors affecting
CO-metal bond strength are (1) the amount of =-back-donation
and (2) the polarization interaction between the CO dipole and
the partial positive charge on the metal center. Tho combination
of these effects determines the trend seen in Figure 12. The
trends shown in Figure 12 should be verifiable through a
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compurison of the shifis in the IR stretching fiequeney of the
atlsorbed CO.

The stretching frequency of CO adsorbed on a well-ordered
Cu monolayer on Ta(110) is 2095 ¢ ' as can be seen in Figure
7b. Anidentical frequency has been observed previously Tor Cu/
RK(100) and Cu/Pt(111).'21% This frequency, however, is quite
different from the 2075-cm! value observed for COon Cu(111).%°
In Figure 13, the stretching frequencies and desorption temper-
atures of CO adsorbed on several monolayer Cu films are
compared. From this figurc, it is apparent that the stretching
frequency of the CO adsorbed on these Cu films correlates well
with the CO desorption temperaturc. The fact that there is a
correlation between the CO stretching frequency {(which is
proportional to the strength of the C-O bond) and the CO
desorption temperature (which is proportional to the strength of
the Cu-CO bond) is surprising since Figure 12 shows that the
CO desorption temperature does not correlate with the CO-
induced shift in the Cu(2p,;,) binding energy (which is propor-
tional to the amount of =-back-donation).

The typical view of the CO-substratc interaction is that an
increase in x-back-donation should cause a decrease in the C-O
stretching frequency.3?-% However, it is clear [rom Figures 12
and 13 that the streiching frequency of CO adsorbed on supported
Cu monolayers does nof correlate with the amount of x-back-
donation (as measured by the CO-induced shift). A correlation
between the CO stretching frequency (C-O bond strength) and
the CO desorption temperature (Cu-CO bond strength) was
observed previously for a limiled number of supported Cu
overlayers' and is found to still be valid for the additional data
presented in this work. However, this correlation is difficult to
explain using simple molccular orbital theory models. Previous
calculations have indicated that the CO stictehing frequency is
influenced by the following: (1) =-back-donation, (2) the
interaction of the CO dipole and the electronic charge distribution
around the metal atom, and (3) the repulsion vecurring when the
CO molecule stretches in the presence of a rigid surlace (the
“wall effect™).)3363% Overall, n-back-donation dominates (in
agreement with theory’s-%%) and gives risc to a vibrational
frequency lower than that of gas-phase CO (2143 em-!). However,
the data shown in Figure 13 imply that the CO stretching
frequency isalsoinflucaced by the polarizationinteraction between
the CO dipole and the charge density on the metal center. A
tighter Cu-CO bond implies a shorter Cu-CO bond length, and
a shorter Cu-CO bond length would yield a greater repulsive
interaction between the CO dipole and the charge density on the
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metalcenter. Thiswouldinturnleadtoanincreascintheobserved
CO stretching frequency. It is the complex combination of all
of these effects that determines the trend scen in Figure 13. It
should be noted that the two inain leatures apparently affecting
the CO stretching frequency (x-back-donation and polarization
interaction) are thesame factorsdiscussed earlier thatapparently
dominate the CO-Cu bond strength. Additional studies with
other metal overlayers need to be conducted todetermine whether
the effecta observed here only occur for Cu films or whether they
can be generalized to other vverlayer systems.

The IR data for CO/Cu/Ta(110) typically exhibit one
adsorption peak fora given Cu coverage. Inaddition, this{cature
corresponds to CO adsorbed on a-top sites on the Cu overlayer
atoms. Inall Cuoverlayer systeins studied todate, CO adsorption
has only been observed to occur on a-top sites.*%!218 Figure 8
shows that an anncaled 1.5-ML Cu filin exhibits two features
corresponding to CO adsorption on ¢wo dissimilar Cu sites. As
the COcoverageincreases, the low-frequency feature shifts toward
higher {requency and at saturation coverageisa barely perceptive
shoulder on the main peak at 2102 em?. A comparison of parts
a and b of Figure 8 implies that the low-frequency feature in
Figure 8bis likely due to CO adsorption on the 2-D uniform film
and that the high-frequency peak thus likely corresponds to
adsorption on Cu clusters on the uniform film. The structure of
thisoverinyer (as discussed earlier) is best described asa 1.2-ML
uniform Cu layer with the remaining 0.3 ML cxisting as clusters
on top of this layer. Therefore, the CQ on the uniform layer
should comprise a larger portion of the total CO surface coverage
than the CO on the clusters. However, the reverse is seen in the
obscrved IR spectra and can be attributed to screening and/or
sharing of the low-frequency peak (uniform layer) intensity by
the high-frequency peak {cluster).'®33-3% This peak assignment
is supported by a comparison of the TPD data in Figure 5b and
the spectra in Figure 10b. TPD shows that CO desorbs from the
Cu clusters at a lower temperature than {rom the uniform Cu
film. In Figure 10b, the high-lrequency feature has been greatly
reduced in intensity at 180 K with the low-frequency peak
becoming visible.  Although the low-frequency fealure never
becomes the dominant [cature, the fact that it becomes visible
indicates that the high-frequency peak has been reduced to S10%
of the total susface CO with intensity sharing perturbing the
peak heights to give the observed intensities.!s)3-3

V. Summary and Conclusions

In this study of ultrathin Cuoverlayers on Ta(110) it has again
been shown that the properties of a Cu monolayer supported on
a dissimilar single-crystal substrate are quite different from those
of single-crystal Cu. The differences are reflected as changes in
the structural, efectronic, and chemisorptive properties of the Cu
film. In pacticular, it was observed that (1) a monolayer or less
of Cu on the Ta(110) substrate forms a pseudomorphic film, but
anncaling >21.2 MLof Cuona Ta(l10)substrateinducesa change
in the film morphology that produces a more densely packed
uniform 2-D film with a mismatch occurring along the (110)
axis of the substrate. (2) The Cu atoms in the overlayer donate
charge to the Ta substrate atoms upon bond formation. (3) CO
chemisorbed on the uniform 2-D Cu film is bound more tightly
than it is on a purc Cu surface. In addition, the adsorption of
COsshifts the binding energy of the Cu to higher energy. (4) The
stretching frequency of the adsorbed CO is shifted 20 cm™! higher
than for CO adsorbed on Cu(111). (5) The data presented in
thisstudy correlate well with data obtained for other Cu overlayer
systems. The charge transfer between the Cu overlayer and the
substrate was {ound to follow a model predicting the charge to
Now from the electeon-rich metal to the electron-poor metal with
Cu acting as a metal with a halfl-filled valence band. Inaddition,
the bond between the CO and the Cu film was found to be
comprised of both x-back-donation and polarization interaction
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components. Contributions from both determine the observed
bond slrcnglh Finally, it was dctermined that the stretching
frequency of the CO adsorbed on the Cu films correlated with
the CO-Cu bond strength, not with the amount of back-donation
into the CO 2x orbital.
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